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MULTIPLE BEAM MICRO-MACHINING SYSTEM AND METHOD 

5 

FIELD OF THE INVENTION 

[0001] The present invention generally relates to 

multiple laser beam positioning and energy deliver systems, and 
10 more particularly to laser micro- machining systems employed to 
form holes in electrical circuit substrates. 

BACKGROUND OF THE INVENTION 

[0002] Various laser systems are employed to micro- 

15 machine and otherwise thermally process substrates. 
Conventional laser systems employ focusing optics positioned 
between a beam steering device and a substrate to focus the beam 
onto the substrate. 

[0003] A laser micro-machining device employing multiple 

2 0 independently positionable laser beams is described in 
copending US patent application serial number 10/170,212, filed 
June 13, 2002 and entitled "Multiple Beam Micro -Machining System 
and Method", the disclosure of which is incorporated by 
reference in its entirety. 

2 5 [0004] A laser device employing multiple independently 

positionable laser beams for thermally treating thin film 
materials, for example thin films on flat panel display 
substrates, is described in copending PCT application 
PCT/IL03/00142, filed February 24, 2003 and entitled "Method for 

3 0 Manufacturing Flat Panel Display Substrates", the disclosure of 

which is incorporated by reference in its entirety. 
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SUMMARY OF INVENTION 



[0005] The present invention seeks to provide an 

improved multiple beam laser beam energy delivery system, for 
simultaneously delivering multiple beams of focused laser energy 
5 to a substrate, that avoids the use of an f-? scan lens. 

[0006] The present invention further seeks to provide an 

improved multiple beam laser beam energy delivery system, for 
simultaneously delivering multiple beams of focused laser energy 
to a substrate, that avoids focusing optics situated between a 

10 beam steering device and the substrate. 

[0007] The present invention still further seeks to 

provide an improved multiple beam laser beam energy delivery 
system, for delivering multiple beams of laser energy to a 
substrate, that independently focuses each of the multiple laser 

15 beams. In accordance with an embodiment of the invention, each 
of the multiple laser beams is independently focused upstream of 
a beam steering assembly. 

[0008] The present invention still further seeks to 

provide an integrated multiple laser beam energy delivery 
2 0 system, for delivering multiple beams of laser energy to a 
substrate, operative to independently steer each of the laser 
beams, and to independently focus each of the laser beams in 
coordination with the beam steering. 

[0009] The present invention still further seeks to 

2 5 provide a multiple laser beam laser energy delivery system 

operative to deliver laser energy to independently selectable 
locations on a workpiece, the device having an array of beam 
steering modules located downstream of beam focusing optics. In 
accordance with an embodiment of the present invention, the beam 

3 0 focusing optics are operative to independently focus each of the 

multiple laser beams onto a selectable location. 

[0010] The present invention still further seeks to 

provide a multiple laser beam energy delivery system, for 
delivering multiple beams of laser energy to a workpiece, having 
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a redundant number of independent focusing modules relative to a 
number of laser beams. The system is operative to use some 
focusing modules to deliver focused laser beams to a first set 
of locations on the substrate and to simultaneously move other 
5 focusing modules into focus to subsequently deliver focused 
laser beams to a second set of locations on the substrate. In 
accordance with an embodiment of the invention, the time 
required to move a focusing module into focus is greater than 
the time required to select a focusing module. The time 
10 required to switch between focusing modules is less than the 
time interval between adjacent pulses. 

[0011] The present invention still further seeks to 

provide an improved multiple beam laser beam energy delivery 
system, for delivering multiple beams of laser energy to a 

15 workpiece, that includes a quantity laser beam focusing modules 
that is greater than the quantity of laser beams, and a beam 
director that is used to direct each beam to a selectable 
focusing module. While delivering focused laser energy to a 
first set of selectable locations on a substrate via a first set 

2 0 of laser beam focusing modules, other laser beam focusing 
modules are moved into focus for later delivery of focused 
laser energy to a next different of selectable locations. 

[0012] There is thus provided in accordance with an 

embodiment of the present invention and apparatus and method for 

2 5 delivering laser energy to a workpiece, including at least one 

laser energy source providing at least one laser beam; and a 
plurality of laser beam modules arranged to selectably steer the 
at least one laser beam to a plurality of target sub-areas on a 
workpiece, which together cover a target area, the plurality of 

3 0 laser beam modules being additionally operative to focus the at 

least one laser beam on the workpiece without an intervening f- 
theta lens . 

[0013] There is thus provided in accordance with another 
embodiment of the present invention an apparatus and method for 
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delivering laser energy to a workpiece, including at least one 
pulsed laser energy source operating at a pulse repetition rate 
and providing at least one pulsed laser beam; and a plurality of 
laser beam focusing optical modules arranged to selectably 
5 focus each of the at least one laser beam to a selected 
location on a workpiece, the plurality of laser beam 
focusing optical modules being of a number greater than the at 
least one laser beam, thereby to define at least one 
redundant laser beam focusing optical module. 

10 [0014] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
method for delivering laser energy to a workpiece, including at 
least one laser energy source providing at least one laser beam; 
a plurality of laser beam steering modules arranged to 

15 selectably steer the at least one laser beam to selectable 
locations on a target; and a plurality of laser beam focusing 
optical modules associated with the laser beam steering modules 
for focusing a laser beam onto the workpiece. 

[ 0015] There is thus provided in accordance with still 
2 0 another embodiment of the present invention an apparatus and 
method for delivering laser energy to workpiece, including a 
laser energy source providing at least two laser beams for 
delivering laser energy to a workpiece at least at two different 
locations; at least two optical elements receiving the at least 

2 5 two laser beams, the at least two optical elements being 

operative to simultaneously independently control a beam 
parameter of each of the at least two laser beams; and a laser 
beam steering assembly receiving the at least two laser beams 
and being operative to independently steer the at least two 

3 0 laser beams to independently selectable locations on an in- 

fabrication electrical circuit. 

[0016] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
method for delivering laser energy to an electrical circuit 
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substrate, including at least one laser beam source 
simultaneously outputting a plurality of laser beams; a 
plurality of independently steerable laser beam deflectors 
disposed between the at least one laser beam source and the 
5 electrical circuit substrate to direct the plurality of laser 
beams to impinge on the electrical circuit substrate at 
independently selectable locations; and focusing optics 
operative to focus the plurality of laser beams to different 
independently selectable locations without f-? optical elements. 

10 [0017] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
method for delivering laser energy to a substrate including: at 
least one pulsed laser energy source providing at least one 
pulsed laser beam; a plurality of laser beam steering modules 

15 arranged to selectably steer the at least one laser beam to 
selected locations on a target at differing focal lengths, the 
plurality of laser beam steering modules being of a number 
greater than the at least one laser beam, thereby to define at 
least one redundant beam steering module; a plurality of laser 

2 0 beam automatic focusing optical modules upstream of the 
plurality of laser beam steering modules for automatically 
focusing a laser beam passing therethrough to a corresponding 
laser beam director module, to compensate for the differing 
focal lengths, the plurality of laser beam automatic focusing 

2 5 optical being of a number greater than the at least one laser 

beam, thereby to define at least one redundant laser beam 
automatic focusing optical module, the redundancy in the 
plurality of laser beam director modules and the plurality of 
laser beam automatic focusing optical modules compensating for a 

3 0 difference between a pulse repetition rate of the at least one 

pulsed laser energy source and a cycle time of the automatic 
focusing optical module. 

[0018] Various embodiments of the invention include one or 
more of the following features and characteristics. It is 
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noted, however, that some of the following components, features 
and characteristics may be found alone or in combination with 
other features and characteristics; some of the following 
components, features and characteristics refine others; and the 
5 implementation of some of the following components, features and 
characteristics excludes implementation of other components, 
features and characteristics. 

[0019] A laser energy source comprises a laser and a laser 
beam splitter operative to convert an output of the laser into a 
10 plurality of laser beams. 

[0020] A laser energy source comprises a laser and a laser 
beam director operative to receive an output of the laser and to 
provide a plurality of individually directed laser beams. 

[0021] a beam splitter is operative to receive a laser beam 
15 and to output each of at least two laser beams in independently 
selectable directions. 

[0022] A laser energy source comprises a laser and an AOD 
(acousto-optical device) operative to split an output of the 
laser into a selectable number of laser beams and to 
2 0 individually direct each laser beam to a selectable location. 

[0023] Laser beam modules comprise at least one laser beam 
steering module operative to steer at least one laser beam to a 
selectable location on the workpiece, and at least one laser 
beam focusing optical module upstream of the at least one laser 

2 5 beam steering module operative to focus the at least one laser 

beam onto the workpiece. 

[0024] Optionally, laser beam modules comprise at least one 
laser beam steering module operative to steer at least one laser 
beam to a selectable location on the workpiece and to 

3 0 selectively extend or retract to compensate for an actual 

distance to the selectable location to thereby deliver the at 
least one laser beam in focus onto the workpiece. 
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[0025] Laser beam modules comprise a plurality of laser beam 
steering modules arranged in an array, each laser beam steering 
module being operative to steer a laser beam to a selectable 
location in a corresponding target sub-area. 

5 [0026] Each laser beam steering module is operative to steer 
a laser beam to a selectable location independent of other laser 
beam steering modules. 

[0027] Laser beam focusing optical modules operate in 
coordination with a corresponding laser beam steering module, 

10 the focusing optical modules being operative to focus a laser 
beam onto the workpiece at a selectable location. 
[0028] Laser beam modules comprise a plurality of laser beam 
steering modules and a corresponding plurality of laser beam 
focusing optical modules. Each laser beam focusing optical 

15 module is operative to focus a laser beam to any selectable 
location in a target sub-area. 

[0029] The laser beam modules include at least one redundant 
laser beam module. 

[0030] The laser beam is a pulsed laser beam. During an 
2 0 initial pulse, a first laser beam steering module is operative 
to steer a laser beam in focus to a first selectable location. 
During a subsequent pulse, a second laser beam steering module 
is operative to steer at least one laser beam in focus to a 
second selectable location different from the first selectable 

2 5 location. 

[0031] A laser beam steering module is arranged to selectably 
steer a laser beam to a selectable location in a target sub- 
area. At least some selectable locations in the target sub-area 
are located at differing focusing distances from a corresponding 

3 0 focusing optical module. Focusing is achieved by dynamically 

changing a focus parameter of the focusing optical module. 

[0032] A laser beam can be selectably directed to a 
selectable laser beam focusing optical module. A redundancy in 
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the laser beam focusing optical modules respective of the laser 
beams compensates for a difference between the pulse repetition 
rate and a cycle time of each of the laser beam focusing optical 
modules . 

5 [0033] During a first pulse of the pulsed laser energy 
source, a first laser beam focusing optical module is operative 
to focus a first pulsed laser beam onto a workpiece. 

[0034] During a first pulse of the pulsed laser source, a 
redundant laser beam focusing optical module is repositioned to 
10 a position required to focus a subsequent pulsed laser beam onto 
the workpiece at a subsequent selectable location, the 
subsequent pulsed laser beam being output during a subsequent 
pulse of the pulsed laser energy source. 

[0035] A pulsed laser energy source is operative to provide a 
15 plurality of pulsed laser beams during each pulse. 

[0036] A pulsed laser energy source is operative to provide a 
plurality of pulsed laser beams for each pulse, and the 
plurality of laser beam focusing optical modules includes an at 
least one redundant laser beam focusing optical module 
2 0 respective of each laser beam. 

[0037] A cycle time for configuring a laser beam focusing 
optical module to focus a laser beam onto the workpiece exceeds 
a time interval separating pulses of the at least one pulsed 
laser source . 

2 5 [0038] A pulsed laser energy source comprises a deflector 

selectably deflecting the at least one pulsed laser beam. A 
cycle time of the deflector is less than a time interval between 
pulses of the pulsed laser source. 

[0039] During an initial pulse of the pulsed laser energy 

3 0 source the deflector is operative to deflect an initial laser 

beam to a first laser beam focusing optical module, and during a 
next pulse the deflector is operative to deflect a next laser 
output to a redundant laser beam focusing optical module. 
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[0040] A plurality of laser beam steering modules is provided 
downstream of the plurality of laser beam focusing optical 
modules for steering a laser beam to a selectable location on 
the workpiece. 

5 [0041] Laser beam focusing modules include a selectively 
pivoting mirror operative to be extended or retracted to 
compensate for changes in distance to a flat surface resulting 
from a pivoting action. 

[0042] A laser beam focusing module comprises at least one 
10 actuator operative to move a portion of the laser beam steering 
module to compensate for changes in a length of an optical path 
as a function of steering the at least one laser beam. 

[0043] A pulsed laser comprises a Q-switched pulsed laser. 

[0044] A pulsed laser outputs a laser beam in the ultra- 
15 violet spectrum. 

[0045] A laser beam steering assembly comprises a plurality 
of laser beam steering modules. The laser beam steering modules 
is arranged in a two dimensional array of laser beam steering 
modules . 

2 0 [0046] A focusing assembly comprises at least two dynamically 
movable optical elements arranged in an array of lens modules. 

[0047] A changeable beam parameter is a focus parameter. 
Focusing modules are operative to simultaneously independently 
focus at least two laser beams at respective independently 

2 5 selectable locations. The at least two laser beams are derived 

from the same laser beam source. 

[0048] An array of focusing modules is disposed between the 
laser beam source and a laser beam steering assembly. 

[0049] A focusing module comprises at least one lens element 

3 0 being independently movable respective of a movable lens element 

in another focusing module. 
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[0050] A controller is operative to independently move 
movable lens elements to independently focus at least two laser 
beams at respective independently selectable locations. 
[0051] A zoom lens element is operative to receive at least 
5 two laser beams and to change a beam diameter property of the 
laser beams. 

[0052] A laser beam is deliverable in focus to an 
independently selectable location among a plurality of 
selectable locations within a target sub-area. At least some of 
10 the independently selectable locations have different focus 
parameters. Focus is achieved by independently dynamically 
focusing each of the beams. 

[0053] Focusing modules are operative to focus each laser 
beams at an independently selectable location as a function of a 
15 corresponding focusing distance. 

[0054] A beam steering assembly comprises at least two 
actuators each coupled to a reflector to independently pivot 
each reflector. The actuators are further operative to extend 
or retract each reflector to independently adjust a beam focus 
2 0 parameter of the at least two laser beams. 

[0055] The laser beams are operative to deliver laser energy 
to generate a via hole in an in- fabrication electrical circuit. 

[0056] The laser beams are operative to deliver laser energy 
to trim a passive electrical component in an in -fabrication 

2 5 electrical circuit. 

[0057] An in-fabrication electrical circuit is an in- 
fabrication printed circuit board, in-fabrication integrated 
circuit, an in-fabrication flat panel display. 

[0058] The laser beams are operative to deliver laser energy 

3 0 to anneal silicon in an in-fabrication electrical circuit, such 

as an in-fabrication flat panel display. 

[0059] The laser beams are operative to deliver laser energy 
to facilitate ion implantation in an in-fabrication electrical 
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circuit, such as in-f abrication integrated circuit or in- 
fabrication flat panel display. 

[0060] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
5 method for dynamically splitting a laser beam, including a beam 
deflector having a plurality of operative regions, the beam 
deflector being operative to receive a laser beam at a first one 
of the plurality of operative regions and to provide a 
selectable number of output beam segments in response to a 
10 control input signal. 

[0061] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
method for dynamically deflecting a laser beam, including a beam 
deflector element having a plurality of operative regions, the 

15 beam deflector element being operative to receive an input laser 
beam at a first one of the plurality of operative regions and to 
provide a plurality of output beam segments output at least from 
one additional operative region, at least one output beam being 
independently deflected in response to a first control input 

2 0 signal. 

[0062] There is thus provided in accordance with still 
another embodiment of the present invention an apparatus and 
method for dynamically splitting a laser beam, including a beam 
deflector having a plurality of operative regions being 

2 5 operative to receive a laser beam at a first one of the 

operative regions; and further being responsive to a control 
input signal to generate a selectable number of output beam 
segments, at least one output beam being output from a second 
operative region. 

3 0 [0063] Various embodiments of these aspects of the invention 

include one or more of the following features and 
characteristics. It is noted, however, that some of the 
following components, features and characteristics may be found 
alone or in combination with other features and characteristics; 
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some of the following components, features and characteristics 
refine others; and the implementation of some of the following 
components, features and characteristics excludes implementation 
of other components, features and characteristics. 

5 [0064] A control input signal controlling the beam splitter / 
deflector comprises a sequence of pulses, each of the pulses 
controlling a respective output beam segments. 

[0065] Each of the output beams has an energy parameter that 
is controlled by a characteristic of the control input signal. 

10 [0066] Each of the output beam segments is deflected by a 
respective deflection angle that is controlled by a 
characteristic of a pulse in the control input signal. 

[0067] Each of the output beam segments has substantially the 
same cross sectional configuration, irrespective of the 
15 selectable number of output beam segments. 

[0068] The selectable number of output beam segments have a 
controllable energy parameter. The energy parameter is an 
energy density or fluence. 

[0069] The energy densities among output beam segments is 
2 0 selectable to be substantially uniform. Optionally, it is 
selectable to be substantially not uniform. 

[0070] The beam deflector is operative to direct the output 
beam segments in respective selectable directions responsive to 
the control input signal. 

2 5 [0071] The beam deflector comprises an acousto-optic 

deflector, and a transducer to generate acoustic waves in the 
acousto-optic deflector in response to the control input signal. 
The deflector diffracts the laser beam at each of several 
operative regions as a function of the acoustic wave formed by 

3 0 the control input signal. 

[0072] A beam redirector is operative to receive an output 
beam segment directed in a second direction from a first one of 
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the plurality of operative regions and to direct the output beam 
segment to second ones of the plurality of operative regions. 
[0073] A beam redirector comprises a first mirror having a 
plurality of regions, each region passing to the operative 
5 regions of a beam splitter/deflector a portion of a redirected 
beam and reflecting to a parallel mirror a remaining portion of 
the redirected beam. 

[0074] Beam segments output by the beam reflector /deflector 
are mutually non-parallel. 

10 [0075] An input laser beam has a spatial cross-section in the 
first one of the plurality of operative regions. A beam 
redirector comprises correction optics, which operate on 
redirected output beam segment so that the spatial cross section 
of the redirected output beam segment is substantially similar 

15 to the spatial cross section of the input beam. 

[0076] A control input signal has a frequency characteristic, 
which controls the beam direction, and an amplitude 
characteristic, which controls an energy parameter of an output 
beam. 

2 0 [0077] Each of the above devices and methods may be employed 
as part of process for manufacturing electrical circuits in 
which laser energy is delivered to an electrical circuit 
substrate, for example to ablate a material at a selected 
location, or as part of an annealing or ion implantation 

2 5 process. An additional electrical circuit manufacturing 

operation, such as, but not limited to, an additional 
photolithography, etching or metal deposition process, typically 
is performed on the electrical circuit substrate. 
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BRIEF DESCRIPTION OF DRAWINGS 

[0078] The present invention will be understood and 

appreciated more fully from the following detailed description, 
taken in conjunction with the drawings in which: 

[0079] Fig. 1A is a simplified partially pictorial, 

partially block diagram, illustration of apparatus for 
fabricating electrical circuits constructed and operative in 
accordance with a preferred embodiment of the present invention; 

[0080] Fig. IB is a timing graph of laser pulses output 

by a laser used in the system and functionality of Fig. 1; 

[0081] Figs. 2A - 2C are simplified side view 

illustrations showing operation of a portion of the apparatus of 

Fig. 1A in three different operative orientations; 

[0082] Figs. 3A - 3C are simplified schematic 

illustrations of an AOD suitable for use in the system of Fig. 1 

in accordance with an embodiment of the invention; and 

[0083] Fig. 4 is a flow diagram of a method for 

manufacturing electrical circuits in accordance with an 

embodiment of the invention. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



[0084] Reference is now made to Fig. 1A, which is a 

simplified partially pictorial, partially block diagram, 
illustration of a system and functionality for fabricating an 
5 electrical circuit, constructed and operative in accordance with 
a preferred embodiment of the present invention, and to Fig. IB 
which is a timing graph of laser pulses output by a laser used 
in the system and functionality of Fig. 1A. The system seen in 
Fig. 1A includes laser micro -machining apparatus 10, which in 
10 general terms is operative to simultaneously deliver multiple 
beams of energy to a workpiece, such as an electrical circuit 
substrate. 

[0085] Apparatus 10 is particularly useful in the 

context of micro-machining holes, such as vias 12, at locations 

15 13, in printed circuit board substrates 14, during the 
fabrication of printed circuit boards. Apparatus 10 may be 
adapted without departing from the presently described invention 
for use in other suitable fabrication processes employing micro- 
machining or heat treating of substrates. These processes 

2 0 include, without limitation, the selective annealing of 
amorphous silicon in flat panel displays, selective laser 
assisted doping of semiconductor transistors such as thin film 
transistors on flat panel displays, the removal of solder masks 
from electrical circuits, and the trimming of passive electronic 

2 5 components, such as imbedded resistors in printed circuit boards 

and bumps on ball grid array substrates and "flip-chip" type 
semiconductor circuits. Accordingly, although the invention is 
described in the context of micro-machining printed circuit 
boards, the scope of the invention should not be limited solely 

3 0 to this application. 

[0086] Printed circuit board substrates, such as a 

substrate 14, which are suitable to be micro-machined using 
systems and methods described hereinbelow, typically include 
dielectric substrates, for example epoxy glass, having one or 
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more electrical circuit layers. Typically, a conductor pattern 
16 is selectively formed on each electrical circuit layer. The 
substrates may be formed of a single layer or, in the 
alternative, of a laminate including several substrate layers 
5 adhered together. Additionally, the outermost layer of the 
substrate 14 may comprise the conductor pattern 16 formed 
thereon, as seen in Fig. 1A. Alternatively, the outermost layer 
of substrate 14 may comprise, for example, a metal foil 
substantially overlaying a continuous portion of the outer 
10 surface of the substrate 14, for example as shown by the region 
indicated by reference numeral 17. In the context of other 
related applications, substrate 14 may be, for example, an in- 
fabrication flat panel display. 

[0087] In accordance with an embodiment of the 

15 invention, as seen in Fig. 1A, laser micro -machining apparatus 
10 includes a pulsed laser 20 outputting a pulsed laser beam 22. 
Pulsed laser beam 22 is defined by a stream of light pulses, 
schematically indicated by peaks 24 and 2 5 in laser pulse graph 
2 6 (Fig. IB) . In accordance with an embodiment of the invention 
2 0 pulsed laser 20 is a frequency tripled Q-switched YAG laser 
providing a pulsed a UV laser beam 22 at a pulse repetition rate 
of between about 10 - 100 KHz, and preferably at about 10 - 30 
KHz. Suitable Q-switched lasers are presently available, for 
example, from Spectra Physics, Lightwave Electronics and 

2 5 Coherent, Inc. all of California, U.S.A. Other commercially 

available pulsed lasers, that suitably interact with typical 
materials employed to manufacture printed circuit boards, may 
also be used. 

[0088] Another suitable laser for use as pulsed laser 

3 0 20, operative to output a pulsed UV laser beam particularly 

suitable for micro -machining substrates containing glass, is 
described in the present Applicants' copending U.S. patent 
application No. 10/167,472, the disclosure of which is 
incorporated by reference in its entirety. 
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[0089] In the embodiment seen in Fig. 1A, pulsed laser 

beam 22 impinges on a first lens 28, such as a cylindrical lens, 
operative to flatten beam 22 into a narrow beam 23 having a 
waist which is delivered to an image plane (not seen) in a first 
5 variable deflector assembly, such as an acous to- optical 
deflector (AOD) 30. Preferably AOD 3 0 includes a transducer 
element 32 and a translucent crystal member 3 4 formed of quartz 
or other suitable crystalline material. 

[0090] It is noted that various design details of micro- 

10 machining apparatus 10 seen in Fig., 1A, which are well within 
the competence of a skilled optical designer, are omitted in an 
effort to maintain clarity and avoid obscuring key teaching 
points of the invention. For example, various lenses and 
optical paths are not drawn to scale. Moreover, some lenses, 
15 for example (but not limited to) lens 28, include several 
separate lens elements which are not shown. Likewise beam 
stabilization means within the competence of a skilled optical 
designer, as typically would be required in a complex laser 
energy delivery system, are omitted from the drawings to 
2 0 maintain clarity and avoid obscuring key teaching points of the 
invention. 

[0091] Returning now to Fig. 1A, transducer 32 receives 

a control signal 3 6 and generates an acoustic wave 38 that 
propagates through crystal member 34 of AOD 30. Control signal 

2 5 36 preferably is an RF signal provided by an RF modulator 40, 

preferably driven by a direct digital synthesizer (DDS) 42, or 
other suitable signal generator, for example a voltage 
controlled oscillator (VCO) . A system controller 44, in 
operative communication with DDS 42 and a laser driver (not 

3 0 shown), is provided to coordinate between generation of the 

control signal 3 6 and laser pulses 24 defining pulsed laser beam 
22 so that portions of substrate 14 are removed, e.g. by 
ablation, in accordance with a desired design pattern of an 
electrical circuit to be manufactured. Such design pattern may 



609.04.09.03 .mf 



17 



be provided, for example, by a CAD or CAM (computer aided design 
or computer aided manufacture) data file 46 or other suitable 
computer file representation of an electrical circuit to be 
manufactured. 

5 [0092] In some applications, pulsed laser beam 24 is 
delivered to substrate 14 to heat portions of the substrate 
without ablation, for example for use in laser assisted 
annealing of amorphous silicon or laser assisted ion 
implantation in thin film transistors, for example as described 

10 in Applicants' copending U.S. patent application 10/170,212, 
filed June 13, 2002 and entitled "Multiple Beam Micro-Machining 
System and Method", and copending PCT application 
PCT/IL03/00142, filed February 24, 2003 and entitled "Method for 
Manufacturing Flat Panel Display Substrates", the disclosures of 

15 which are incorporated by reference in their entirety. 

[0093] As known in the art, presence of the acoustic 

wave 38 in crystal member 34, when beam 23 impinges thereon, 
causes beam 23 to be deflected at an angle ? n , relative to an 

axis incidental with an axis of an input beam, which is a 
2 0 function of the frequency f of wave 38, according to the 

formula: 

A f xA 

Where : 

^ f „ f n f 0 ' 

2 5 X - wavelength of beam 22; 

y s = speed of sound in the crystal 34 of AOD 30, and 

n is an integer representing the index number of a 
laser sub-beam, as described hereinbelow. 

[0094] In accordance with an embodiment of the 

3 0 invention, AOD 3 0 is operative to function as a dynamic beam 

splitter and beam deflector which governs at least one of: a 
number segments into which beam 23 is split and an angle of 
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deflection of each segment. Signal 3 6 may be selectably 
provided so as to cause acoustic wave 38 to propagate at a 
uniform frequency through an active portion of crystal member 
34. Alternatively, signal 36 may be selectably provided so as to 
5 cause the acoustic wave 3 8 to propagate with different 
frequencies in the active portion of crystal member 34. 

[0095] In accordance with an embodiment of the 

invention, signal 36 causes the acoustic wave 38 to be generated 
in AOD 3 0 with different frequencies such that at a moment in 

10 time at which the acoustic wave 38 interacts with a laser pulse 
24 in laser beam 23, the acoustic wave 38 comprises at least two 
different frequency components. These components may 

constitute, for example at least two different superimposed 
frequencies, or two spatially separated regions each with the 

15 same frequency. By generating an acoustic wave 3 8 with more 
than one frequency component, segmentation of beam 23 and the 
respective directions at which each segment is output from the 
AOD 30 are controlled. Typically, signal 36 comprises a 
sequence of pulses 37 which are timed so that the resulting 

2 0 different frequency components in acoustic wave 38 are spatially 
separated in AOD 3 0 at the moment at which a laser pulse 24 or 
2 5 in beam 2 3 impinges thereon. Alternatively, the different 
frequencies are superimposed in a complex waveform having 
spatially overlapping frequency components (not shown) . 

2 5 [0096] In accordance with an embodiment of the 

invention, the acoustic wave 38 is propagated through crystal 
member 34 in a non-uniform waveform and interacts with the laser 
beam 23 so that beam 2 3 is segmented into at least two beam 
segments 50, or sub-beams. 

3 0 [0097] Beam segments 50 are depicted in Fig. 1A as being 

solid lines. As will be described in greater detail 

hereinbelow, beam segments 50 may propagate along any of several 
different beam paths, designated beam paths 51. Paths that are 
not occupied by a beam segment 50 are depicted in Fig. 1A as 
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dotted lines. Each of the beam segments 50 preferably is 
independently deflected at an angle ? n which is a function of an 
acoustic wave frequency, or frequencies, of the acoustic wave 38 
in crystal member 34 at the time a pulse in the laser beam 2 3 
5 impinges thereon . 

[0098] Each of beam segments 50, whether a single 

segment, provided e.g. by an acoustic wave having only one 
frequency, or several segments as seen in Fig. 1A provided e.g. 
by an acoustic wave having several different frequencies along 

10 its length, is directed to impinge on a variable deflector 
assembly 52. The variable deflector assembly 52 comprises an 
array of beam steering modules 54 . Each module includes an 
independently til table reflector element 56 and an actuator 58 
operative to independently tilt each reflector element 56 into a 

15 desired spatial orientation to steer a beam impinging thereupon 
to a selectable location on substrate 14. 

[0099] In accordance with an embodiment of the 

invention, the variable deflector assembly 52 comprises an 
optical MEMs device, or is formed as an array of mirrors 
2 0 tiltable by suitable piezo- electric motors, or is formed as an 
array of galvanometers, or comprises any other suitable array of 
independently tiltable reflector devices. In the example 
configuration of the variable deflector assembly 52 seen in Fig. 
1A, a 4 X 5 array of piezo-electric activated beam steering 

2 5 modules 54 is provided. Any other array, including a suitable 

quantity of independently tiltable steering modules 54, may be 
used. 

[00100] As seen in Fig. 1A, the operation of each beam 

steering modules 54 is independently controlled, for example, by 

3 0 a servo controller 60 in operative communication with system 

controller 44. Each beam steering module 54 suitably steers a 
corresponding beam segment 50 to impinge on substrate 14 at a 
required location 13, in accordance with a desired design 
pattern of an electrical circuit to be manufactured. Such 
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design pattern may be provided, for example, by the CAM data 
file 46 or other suitable computer file representation of an 
electrical circuit to be manufactured. 

[00101] Progressing now along the optical path downstream 

5 of AOD 30, it is seen in Fig. 1A that beam segments 50 are 
output from AOD 3 0 such that they lie in a plane, which is 
oriented relative to the optical axis of the incoming beam 23. 
The angles ? n at which beam segments 50 are deflected by AOD 30 
typically are very small relative to the optical axis of the 

10 incoming beam 23, in the order of 10" 2 radians. In order to 
provide for a more compact system, a beam angle expander, such 
as one or more telescoping optical elements, schematically 
represented by lens 60, operative to increase a separation 
between beam segments 50, is provided downstream of AOD 30. 

15 [00102] A linear to 2-dimensional mapping assembly 62 

receives beam segments 50, which as noted above lie in a first 
plane, and directs them to a first parallel beam reflector 
assembly 64 including an array of beam reflectors 66. The 
mapping assembly 62 is formed with a plurality of mapped 

2 0 sections 63 each of which is positioned in a suitable spatial 
orientation so that each beam segment 50 output by AOD 30 which 
impinges on a given mapped section 63 is directed to a 
corresponding beam reflector 66, to which it is mapped. 
[00103] Each beam reflector 66 is set in a suitable 

2 5 adjustable holder enabling its spatial orientation to be 

independently adjusted respective of other beam reflectors 66. 
In accordance with an embodiment of the invention, the array of 
reflectors 66 is arranged to direct the beam segments 50 
received from mapping assembly 62 along beam paths 51. It is 

3 0 noted that at least some, and in the embodiment seen in Fig. 1A 

all, of the beam paths 51 are vertically displaced relative to 
the plane along which beam 23 propagates. However all of the 
beam paths 51 generally maintain a parallel orientation between 
reflector assembly 64 and deflector assembly 52. Thus, the beam 
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segments 50 propagate along parallel beam paths 51 to reach 
locations lying in a plane that is outside the plane through 
which beam 23 propagates. 

[00104] Thus, in an embodiment of the invention as seen 

5 in Fig. 1A, before impinging on variable deflector assembly 52, 
downstream of reflector assembly 64, the beam paths 51 each pass 
through an array of zoom lenses 68 providing a zoom 
functionality to control a cross sectional diameter of a beam 
segments 50, an array of beam shaping lenses 70 providing a beam 

10 shaping functionality, and an array of independently 
controllable beam focusing lenses 72, providing an independent 
focusing functionality for beam segments 50 in any of the beam 
paths 51. Each of the beam paths 51 reaches a corresponding 
beam steering module 54 in variable deflector assembly 52. 

15 Beams 50 reaching a steering module 54 are independently steered 
to address independently selectable locations 13, on substrate 
14, by reflecting elements 56. 

[00105] In the embodiment seen in Fig. 1A the spatial 

orientation of each reflecting element 56 is independently 
2 0 controlled by a positioning device, including, for example, at 
least three piezoelectric positioners 58 arranged in a star-like 
arrangement operative to in the directions indicated by arrow 
59. Suitable piezoelectric positioners are described in 
copending US patent application serial number 10/170,212, filed 

2 5 June 13, 2002 and entitled "Multiple Beam Micro -Machining System 

and Method", the disclosure of which is incorporated by 
reference in its entirety. 

[00106] The zoom functionality may be provided, for 

example, by moving the array of zoom lenses 68, in which a zoom 

3 0 lens is provided for each beam path 51. While such an 

arrangement is preferred because the respective zoom lenses may 
be smaller and less expensive, one or more zoom lenses receiving 
beams propagating all, or any of several, beam segments 50 may 
be employed. Typically the lenses in zoom lens array 6 8 are 
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moved together to ensure that all beam segments 50 generally 
have the same diameter. In an embodiment of the invention, 
however, a differential zoom may be applied such that some beams 
are zoomed by a greater or lesser zoom factor than other beams. 

5 [00107] The array of beam shaping lenses 70 provides a 

beam shaping functionality, for example energy profile shaping. 
This shaping functionality may be provided using, for example, 
refractive or diffractive optical elements, as known in the art. 
In accordance with an embodiment of the invention, different 

10 beam shaping attributes are provided by laterally displaced 
overlapping sub-arrays of lenses or beam shaping elements. 
Thus, as seen in Fig. 1A, each beam segment 50 passes through 
one of four side by side optical elements. For each beam path 
51, a given first beam shaping function is provided to a beam 50 

15 by a first optical element, a second beam shaping function is 
provided to a beam 50 by a second optical element, a third beam 
shaping function is provided to a beam 50 by a third optical 
element, and a fourth beam shaping function is provided to a 
beam 50 by a fourth optical element. By suitably moving a 

2 0 holder holding all of the elements in array 70, a given type of 
optical element is suitably positioned with respect to each of 
beam paths 51 to provide a desirable beam shaping function to 
each beam segment 50 passing along a path 51. In the example 
shown, it is seen for example, that beam segments 50 pass 

2 5 through a second of the four beam shaping elements. 

[00108] It is a feature of the present invention that the 

array of independently controllable beam focusing lenses 72 
includes a plurality of focusing modules 74, each focusing 
module focusing a beam segment 50 passing therethrough. Each 

3 0 focusing module 7 4 includes at least one movable lens 7 6 that is 

operated independently of corresponding movable lenses 7 6 
associated with other focusing modules 74. Each beam segment 50 
is steered to a selectable location 13 by the beam steering 
module 54 and is focused onto aibstrate 14 at the selectable 
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location 13, independently of other beam segments 50. This 
independent focusing feature, for example, compensates for 
different focal distances between the focusing module 74 and the 
selectable location whereat the beam segment 50 impinges on 
5 substrate 14. The different focal distances may result, for 
example, because of beam steering to locations 13 that are at 
different distances. Consequently, each beam segment 50 can be 
optimally focused onto the selectable location 13 on substrate 
14 independently of other beam segments 50, and several beam 
10 segments 50 can each be simultaneously optimally focused to 
corresponding selectable locations 13 . 

[00109] It is noted that although the zoom lenses, beam 

shaping lenses, focusing lenses and beam steering modules are 
depicted in Fig. 1A as being grouped into separate functional 

15 assemblies, such grouping has been done merely to simplify 
description of the key teaching points of the invention. In 
actuality, the respective zoom, beam shaping, beam focusing and 
beam steering functionalities may be provided by any suitable 
grouping or arrangement of optical components, as would be 

2 0 apparent to a person skilled in the art of optical design. Thus 
for the sake of simplicity, any suitable combination or 
arrangement of optical components providing at least an 
independent beam focusing and beam steering functionality for 
each beam 50 may be referred to as a laser beam module. 

2 5 [00110] in accordance with an embodiment of the 

invention, as seen for example in Fig. 1A, the number of 
focusing modules 74 corresponds to the number of beam paths 51, 
and exceeds the number of beam segments 50 that is output from 
AOD 30 in response to a given laser pulse 24. This increased 

3 0 number of focusing modules 7 4 as compared to the number of beam 

segments 50 provides a redundancy in the number of focusing 
modules 74. While a first set of focusing modules 74 is 
operative to independently focus each of beam segments 50 output 
by AOD 30 and steered to a first set of selectable locations 13, 
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the movable lenses 76 in at least one of the other redundant 
focusing modules 74 are each moved into a new focus position. 
Likewise, at least some of the corresponding steering modules 54 
are moved to a corresponding new position. 

5 [00111] The new focus positions are suitable to focus 

corresponding beam segments 50 from a subsequent laser pulse 25, 
as steered to a second group of selectable locations 78. Thus, 
during the subsequent pulse 25 the acoustic wave 38 in AOD 30 
splits beam 23 into different beam segments and deflects the 

10 resulting different beam segments 50 so that they pass through 
other focusing modules 74. The other focusing modules 74 are 
now suitably configured to deliver the resulting different beam 
segments 50, in focus, to the second group of selectable 
locations 78 on substrate 14. 

15 [00112] It is noted that AOD 30 has a cycle time which is 

shorter than the time interval between consecutive pulses 24 and 
25 of laser beam 22. In other words, the time required to 
reconfigure the acoustic wave 3 8 in AOD 3 0 to comprise a 
different composition of frequencies when impinged upon by the 

2 0 laser pulse 25, so as to change at least one of the number of 
beam segments 50 and the respective directions thereof upon 
output from AOD 30, is less than the time separation between 
consecutive pulses 24 and 25 in beam 22. Consequently, the 
number of beam segments 50 and the direction, ? n , of each of beam 

2 5 segment 50 can be changed, thereby to select corresponding pairs 

of beam focusing modules 74 and steering modules 54, in less 
time than the time interval separating pulses 24 and 25. A 
preferred embodiment of an AOD 3 0 outputting a selectable number 
of beam segments 50, and controlling a direction of each beam 

3 0 segment 50, is described hereinbelow in greater detail with 

reference to Figs 3A . - 3C. 

[00113] In contrast to the cycle time of AOD 30 being 

faster than time intervals between pulses 24 and 2 5 in beam 22, 
the respective cycle times of the beam steering modules 52 and 
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the beam focusing modules 74 typically are slower than the time 
intervals between pulses 24 and 25 in beam 22. This means that 
the time interval required to reposition the reflector element 
56 in the beam steering module 54 or to move a movable lens 76 
5 in the focusing module 74 is greater than the time interval 
between consecutive pulses 24 and 25. However, because the 
acoustic wave in AOD 3 0 can be reconfigured in less time than 
the time interval between pulses 24 and 25, and because of the 
redundancy in focusing modules 74 and beam steering modules 54, 
10 the ADD 30 can be used to select pairs of focusing modules 74 
and beam steering modules 54 (namely laser beam modules) that 
were suitably repositioned during one or more of the previous 
pulse intervals. 

[00114] One benefit of the redundancy in focusing modules 

15 74 and beam Steering modules 54 is that it enables an optimum 
utilization of pulses 24 and 25 in beam 22. While some focusing 
modules 74 and beam steering modules 54 are actively steering 
beam segments 50 associated with the first pulse 24 (or first 
set of pulses), other unused, i.e. redundant, focusing lenses 76 
2 0 and corresponding reflector elements 56 may be repositioned so 
that subsequent beam segments 50 passing through their 
corresponding focusing modules 72 and steering modules 54 will 
be delivered in focus to different selectable locations 78. By 
reconfiguring an acoustic wave 38 in the time interval between 

2 5 pulses 24, the AOD 30 is thus used to select suitably positioned 

focusing modules 74 and beam steering modules 54 to deliver 
focused beams to independently selectable locations without 
missing pulses. In accordance with a preferred embodiment of 
the invention, this repositioning and selection process is 

3 0 performed simultaneously for a plurality of beams. 

[00115] it is noted that a feature of above described 

arrangement is the absence of intervening f-? optics, or other 
scan optics, between the beam steering modules 54 in the 
variable deflector assembly 52 and substrate 14. Together, beam 
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segments 50 passing through the collection focusing modules 74 
and steering modules 54 cover a target area on substrate 14 that 
is larger than a sub -target area associated any one pair of a 
focusing module 74 and beam steering module 54. 

5 [00116] Since no intervening f-? lens is provided 

downstream of the variable deflector assembly 52, in the system 
seen in Fig . 1A the focus of each beam segment 50 at substrate 
14 is maintained by independently focusing the beam segments 50 
upstream of beam steering modules 54. Without upstream focusing 

10 before the beam steering modules 54, a beam segment 50 may not 
be in focus when delivered to at least some selectable locations 
13 on substrate 14. Loss of focus results, for example, because 
the beam segments 50 typically have a finite and small 
acceptable focus range. Consequently, the pivoting of reflector 

15 56 in steering modules 54 results in a curvature of an 
uncompensated in- focus field, as described hereinbelow. Thus at 
some selectable locations on the generally flat surface 17 of 
substrate 14 there may be a sufficient increase in distance to 
cause a loss of focus. 

2 0 [00117] Optionally, in accordance with an embodiment of 

the invention, the focus compensation functionality may be 
provided at the suitable beam steering module 54, avoiding an 
upstream focusing module. In such configuration the beam 
focusing modules 54 are configured to provide a complex spatial 

2 5 positioning operative to simultaneously steer beam segments 50 

by pivoting a reflector element 56 and to extend or retract, to 
shorten or lengthen the optical path, to compensate for focus 
changes resulting from the pivoting. 

[00118] The following is a simplified general description 

3 0 of the operation and functionality of system 10: An acoustic 

wave 38 is generated in crystal 34 in synchronization with the 
pulses 24 and 25 of beam 22. The acoustic wave 38 is propagated 
so that a desired acoustic wave structure is present in crystal 
member 34 at the time a first laser beam pulse 24 impinges 



609. 04. 09. 03. xnf 



thereupon to split beam 23 into beam segments 50. The 
respective directions of the output beam segments 50 are 
independently controlled as a function of the frequencies in 
acoustic wave 38. 

5 [00119] Typically, acoustic wave 38 will have several 

different frequencies, for example, at various spatial segments 
along its length in crystal 34. The number of beam segments 50, 
and their respective directions of deflection, are controlled by 
changing the frequencies in acoustic wave 38. In accordance 

10 with an embodiment of the invention, the cycle time of AOD 30 is 
sufficiently fast such that the acoustic waves 38 can be 
dynamically reconfigured between pulses 24 and 25 to selectably 
change the direction of deflection of beam segments 50 between 
pulses 24 and 25, without skipping pulses or loosing energy. It 

15 is noted that an acoustic wave having a wave structure suitable 
to split beam 23 and selectable direct each of the resulting 
beam segments needs to be generated for each of the pulses 24 
and 25. 

[00120] Each beam segment 50 is deflected at a selectable 

2 0 angle ? n , that is a function of the frequency or frequencies of 
the acoustic wave 38. Because the angles of deflection are 
relatively small, beam segments 50 preferably pass through one 
or more angle expander lenses 60. The beam segments 50 impinge 
on a selected mapped section 63 of mapping assembly 62. Each 

2 5 beam segment 50 is directed by an appropriate mapped section 63 

to a corresponding reflector element 66 in parallel beam 
reflector assembly 64. Each reflector element 66 is suitably 
tilted to reflect a beam segment 50 along a generally parallel 
beam path 51. Downstream of the reflector assembly 64, each 

3 0 beam segment 50 preferably passes through a zoom lens in the 

array of zoom lenses 68, a beam shaping lens in the array of 
beam shaping lenses 70, and a focusing module 74 in the array of 
independently controllable focusing lenses 72 to impinge on a 
corresponding beam steering module 54. Each beam segment 50 is 
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then independently steered by a corresponding beam steering 
module to impinge on substrate 14 at a selectable location 13. 
The selectable locations 13 may be selected randomly. 

[00121] In accordance with an embodiment of the 

5 invention, AOD 3 0 operates at a duty cycle which generally is 
faster than the pulse repetition rate of laser beam 22. 
However, the deflection provided by AOD 30 is relatively limited 
in that it deflects beam segments 50 by relatively small angles 
of deflection, and in that all of beam segments 50 are output in 
10 the same plane. 

[00122] Conversely, the cycle time required to suitably 

position movable lenses 76 in focusing modules 74 and reflector 
elements 56 in beam steering modules 54 typically is greater 
than the time separation between adjacent pulses 24 and 25 

15 defining laser beam 22. Since each reflector element 54 may be 
tilted over a relatively large range of angles, preferable in 2- 
dimensions, a laser segment 50 impinging on the reflector 
element 54 may be delivered to cover a relatively large spatial 
region. It is noted however, that in accordance with an 

2 0 embodiment of the invention, the spatial region addressed by a 
beam segment 50 is relatively large, typically in the order of 
100 X 100mm. In accordance with an embodiment of the invention, 
the distance between variable deflector assembly 52 and 
substrate 14 is sufficiently large to maintain an acceptably low 

2 5 degree of telecentricity, typically in the order of less than 

about 3°. 

[00123] In accordance with an embodiment of the 

invention, each of reflector elements 56 is sufficiently 

tiltable so that reflector elements 56 in adjacent beam steering 

3 0 modules 54 are operable to deliver beam segments 50 to 

selectable locations in mutually, at least partially, 

overlapping regions on the surface of substrate 14. Optionally, 

the regions merely abut one another, but do not overlap. As a 
reflector element 56 is tilted into a new spatial orientation, 
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the movable lens 76 in a corresponding focusing module 74 is 
correspondingly moved to focus a beam segment 50 passing 
therethrough onto substrate 14 . The respective movements of 
beam steering modules 54 and focusing modules 74 is coordinated 
5 to ensure that all of the plurality of beam segments 50 that 
impinge on substrate 14 are focused, irrespective of any 
differences in the respective lengths of the respective optical 
paths . 

[00124] After completing micromachining operations in a 

10 first region covered by beam steering modules 54, substrate 14 
and apparatus 10 are mutually displaced so that beam steering 
modules 54 covers a second region on substrate 14. Upon 
completion of all desired micromachining operations, substrate 
14 is delivered to a subsequent processing stage in an 
15 electrical circuit manufacturing process, for example an etching 
process . 

[00125] In accordance with an embodiment of the 

invention, the number of steering modules 54 and the number 
focusing modules 74 in assembly 52 exceeds the number of beam 
2 0 segments 50 into which laser beam 23 is split by AOD 30. During 
an initial time interval, beam segments 50 impinge on a first 
portion of the beam steering modules 54 and a first portion of 
focusing modules 74, but not on other, redundant, steering 
modules 54 and focusing modules 74. The initial time interval 

2 5 is also used to reposition the remaining, redundant, beam 

steering modules 54 and focusing modules 74 which do not receive 
a beam segment 50 during the initial time interval. 

[00126] During a subsequent time interval between next 

adjacent pulses 24 and 25, beam segments 50 are deflected by AOD 

3 0 30 to impinge on at least some of the beam steering modules 54 

and focusing modules 74 which did not receive beam segments 50 
during a previous time interval. The beam steering modules 54 
and beam focusing modules 74 employed in the subsequent time 
interval, having been repositioned in the previous time 
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interval, are now suitably repositioned to deflect corresponding 
beam segments 50 onto the substrate 14. During the subsequent 
time interval at least some of the beam steering modules 54 and 
focusing modules 74 that are not impinged on by a beam segment 
5 50, possibly including beam steering modules 54 and focusing 
modules 74 that were used in the previous time interval, are 
repositioned for use in a further time interval. This process 
of repositioning beam steering modules 54 and focusing modules 
74 that are not used during a given time interval is repeated. 

10 It is appreciated that in accordance with an embodiment of the 
invention, beam segments 50 will typically be steered to the 
same location during several pulses, until the micromachining 
operation is completed at that location. Only after completion 
of the micromachining operation will the beam segment 50 be 

15 redirected by AOD 3 0 to a different pair of focusing modules 74 
and beam steering modules 54 to perform a micromachining 
operation at a new selectable location 78. 

[00127] Stated generally, it may be said that concurrent 

to beam segments 50 from a first laser pulse impinging on 
2 0 selected focusing modules 74 and beam steering modules 54, other 
focusing and beam steering modules are concurrently repositioned 
to receive beam segments 50 from subsequent beam pulses. 

[00128] Typically the time interval required to 

reposition a reflector element 56 in a beam steering module 54, 

2 5 or to move a movable lens 76 in a focusing module 74, is in the 

order of between about 2-20 milliseconds, corresponding to 
between about 40 - 40 0 pulses of a 20 KHz Q- switched laser. This 
relatively long period, which exceeds the time interval between 
laser pulses 24 and 25, is used to ensure stabilized beam 

3 0 pointing and beam focusing accuracy. Additionally, the use of 

multiple beam steering modules 54 and multiple focusing modules 
74 ensures a redundancy which minimizes the loss of pulses from 
moving movable lenses 7 6 to focus beam segments or from 
repositioning reflectors 56 to steer the beams. It is 
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appreciated that in order to increase the speed of the apparatus 
10, and to provide a controlled dosage of energy in each beam 
segment 50, it may be necessary or desirable to have more than 
one beam segment 50 simultaneously impinge on the surface of 
5 substrate 14 at the same location. In such an arrangement, 
multiple beam segments 50 are each individually deflected to 
impinge on separate focusing modules 74 and beam steering 
modules 54, and the respective beam steering modules are each 
oriented to direct the beam segments 50 to impinge on substrate 
10 14 at the same location. 

[00129] Reference is now made to Figs. 2A - 2C which are 

simplified side view illustrations showing operation of a an 
array of independently controllable beam focusing lenses 72 0, 
corresponding to a portion of the array of independently 

15 controllable beam focusing lenses 72 in the apparatus of Fig. 
1A, and an array of independently controllable beam steering 
modules 540, corresponding to a portion of the variable 
deflector assembly 52 in the apparatus of Fig. 1A, in three 
different operative orientations. Array 720 includes three 

2 0 independently controllable focusing modules 742, 744 and 746 
respectively. Each focusing module includes an independently 
movable focusing lens, designated by reference numerals 762 
778 respectively. Array 540 includes three independently beam 
steering modules 542, 544 and 546 respectively. Each beam 

2 5 steering module includes an independently movable reflector 

element. An assembly including a beam focusing module and a 
corresponding beam steering module operating in coordination may 
be considered a laser beam module, designated by reference 
numeral 800. 

3 0 [00130] . Beam paths, generally designated 510, are shown 

passing through each of focusing lenses 742, 744 and 746 and 
impinging on the reflector element of a corresponding beam 
steering module 542, 544 and 546. In Figs. 2A - 2C only one 
beam segment, designated by a reference numeral 502, 504 and - 
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506 is shown in each of Figures 2A, 2B and 2C, respectively,- 2C 
as occupying a beam path 510. This excess of focusing modules 
and beam steering modules relative to beam segments 502, 504 and 
506 corresponds to a redundancy of focusing modules and beam 
5 steering modules, as described hereinabove with respect to Fig. 
1A. The empty beam paths, designated by a reference numeral 512 

- 522, are shown as broken lines, while the beam segments 502 - 
506, are shown in each of Figs. 2A - 2C as a solid line. Each 
of the beam segments 502, 504 and 506 impinges on a substrate 

10 140, corresponding to substrate 14 in Fig. 1A, at a randomly 
selectable location. 

[00131] In Figs. 2A - 2C a first scale 580 is shown 

beneath focusing modules 742 - 746. This scale includes 4 
gradations and indicates a relative position of independently 
15 movable lenses 7 62 - 778 in focusing modules 742 - 746 for 
focusing beam segments 502, 504 and 506 onto substrate 140. 

[00132] A second group of scales 590, each including 7 

gradations (0 ± 3), indicates a location of beam segments 502 - 
506 on substrate 140, within a range of possible selectable 
2 0 locations. The number of gradations shown in the scales 580 and 
590 in Figs. 2A - 2C is arbitrary. The number of gradations 
seen in scales 580 and 590 has been chosen for clarity and 
simplicity in teaching the invention. In actuality, beams 502 

- 506 may be positioned at any number of a greater or lesser 

2 5 number of possible selectable locations on substrate 140, and 

lenses 762, 764 and. 766 may have a corresponding greater or 
lesser number of possible positions as necessary to focus a beam 
to possible selectable locations. Moreover, inasmuch as Figs. 
2A - 2C are front views, it is noted that the selectable 

3 0 locations typically are located in a two dimensional area on 

substrate 140, and that, accordingly, steering modules 542 - 
546 are operable to steer beam segments 502 - 506 to any 
corresponding selectable locations in the two dimensional area. 
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[00133] The centermost location 0 on scale 590 

corresponds to the shortest optical path between a focusing 
module 742 - 746 and substrate 140, passing via a beam steering 
module 542 - 546. As a beam deviates from the centermost 
5 location 0 in any direction, the length of the optical path to 
the surface of substrate 140 increases. A curvature in the 
uncompensated in-focus field is schematically shown by curves 
7 80, which generally correspond to an equidistant optical path 
from lens modules 742 - 746, using the centermost location 0 as 
10 a point of reference. 

[00134] In Fig. 2A, which corresponds to an operational 

orientation during the first pulse 24 of a laser beam 20 (Fig. 
1A) , beam segment 502 is reflected by the suitably tilted 
reflector element of steering module 544 to address the 
15 centermost location 0. Inasmuch as the optical path to the 
centermost location is the shortest optical length of any 
selectable location addressable by beam segment 502, lens 7 64 is 
situated at position 0 (as indicated by scale 580) in focusing 
module 744 to focus beam 502 onto substrate 140. 

2 0 [00135] At that moment in time represented by Fig. 2A, 

steering module 542 is oriented to steer beam path 512 to 
address location -2 on substrate 140. Lens 762 is located at 
position 2 in focusing module 742 such that a beam segment 
passing through focusing module 742 along beam path 512 would 

2 5 be focused onto substrate 140 at location -2. Steering module 

546 is oriented to steer beam path 514 to address a location 1 
on substrate 140. Lens 766 is located at position 1 in focusing 
module 746 such that a beam segment passing through focusing 
module 746 along beam path 514 would be focused on substrate 140 

3 0 at location 1. It is noted that the corresponding positions of 

the focusing lenses 762, 764 and 766 in the focusing modules 742 
- 746 correspond to an absolute value of the deviation, in any 
planar direction, of a beam path from the centermost location 0 
on substrate 140. Although the respective lens positions, as 
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indicated by gradations in scale 580, are shown as having a 
linear distribution, it is also noted that in actuality the 
distribution of lens positions may be uniformly linear or non- 
linear . 

5 [00136] In Fig. 2B, which corresponds to an operational 

orientation during the second pulse 2 5 of the laser beam 22 
(Fig. 1A) , beam segment 504 is reflected by the suitably tilted 
reflector element of steering module 546 to address the 
selectable location 1. Lens 772 is situated at corresponding 

10 position 1 in focusing module 746 to focus beam 504 onto 
substrate 140 via the focusing module 546 at selectable location 
1. It is noted that beam steering module 546 and focusing 
module 746 have not moved respective of their positions as 
depicted in Fig. 2A. 

15 [00137] At the moment in time represented by Fig. 2B, 

steering module 542 has moved independently of steering modules 
544 and 546 and is now oriented to steer beam path 516 to 
address centermost location 0 on substrate 140, Lens 762, which 
has moved independently of lenses 764 and 766, is located at 

2 0 position 0 in focusing module 742 such that a beam segment 
passing through focusing module 742 along beam path 516 would be 
focused on substrate 140 at location 0. 

[00138] Steering module 544 has also moved, relative to 

its orientation in Fig. 2A, and is now oriented to steer beam 

2 5 path 518 to address location -1 on substrate 140. Lens 764, 

which has moved independently of lenses 762 and 766, is located 
at position 1 in focusing module 744 such that a beam segment 
passing through focusing module 744 would be focused on 
substrate 140 at location 1. 

3 0 [00139] In Fig. 2C, which corresponds to an operational 

orientation during a third pulse of a laser beam 20 (Fig. 1A) , 
beam segment 506 is reflected by the suitably tilted reflector 
element of steering module 542 to address the selectable 
location 3. Lens 762 is situated at corresponding position 3 in 
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focusing module 742 to focus beam 506 onto substrate 140 at 
selectable location 3. Here it is noted that beam steering 
module 542 and focusing lens 762 in focusing module 742 have 
been moved respective of their corresponding positions as 
5 depicted in Figs. 2A and 2B. 

[00140] At that moment in time represented by Fig. 2C, 

steering module 544 has moved independently of steering modules 
542 and 546 and is now oriented to steer beam path 52 0 to 
address location -2 on substrate 140. Lens 764, which has 
10 moved independently of lenses 762 and 766, is located at 
position 2 in focusing module 744 such that a beam segment 
passing through focusing module 744 along beam path 520 would be 
focused on substrate 140 at location -2. 

[00141] Steering module 546 has also moved, relative to 

15 its orientation in Fig. 2B, and is now oriented to steer beam 
path 522 to address centermost location 0 on substrate 140. 
Lens 768, which has moved independently of lenses 762 and 764, 
is located at position 0 in focusing module 746 such that a beam 
segment passing through focusing module 746 would be focused on 
2 0 substrate 140 at location 0. 

[00142] From the foregoing, it is thus appreciated that 

focusing lenses 762, 764 and 766 in focusing modules 742 - 746 
are moved independently of each other but in coordination with a 
changing orientation of beam steering modules as needed to steer 

2 5 beam segments to desired locations. This ensures that a beam 

segment remains in focus on substrate 140, irrespective of an 
increase or decrease in the length of an optical path as a 
result, for example, of curvature in an uncompensated in- focus 
field resulting from beam steering. Focus compensation values, 

3 0 namely the respective positions of a focusing lens in a focusing 

module for a given spatial orientation of a corresponding beam 
steering module to address a selectable location on substrate 
140, may be stored, for example, in a look up table. 
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[00143] Moreover, inasmuch as the processing of a given 

location on a substrate may continue over the duration of 
several pulses, for example during the drilling of a via in a 
printed circuit board substrate, an optical path may increase in 
5 length requiring further focus adjustment. Such change in 
optical length may be compensated by moving the corresponding 
focusing lens 7 62 - 7 68 during drilling in order to optimize 
focusing. Optionally, an active autofocus device may be 
provided to measure the actual length of a beam path and adjust 
10 the location of a focusing lens accordingly. This may also be 
beneficial, for example, to compensate for height deviations in 
the surface of a substrate, which may not be, necessarily, 
uniformly flat. 

[00144] Optionally, instead of providing a focus 

15 compensation functionality by moving movable lenses 762 - 766, a 
focus compensation functionality may be provided by suitably 
extending or retracting beam steering modules 542, 544 and 546. 
Such extending or retracting compensates for changes in the 
length of the optical path resulting, for example, from pivoting 
20 reflectors 56 (Fig. 1A) , or from changes in the depth of a 
drilled hole. One way to accomplish such focus compensation 
would be to provide a piezo -electric activator (not shown) 
operative to suitably extend or retract beam steering modules 
542 - 546 as a unit. Such extension or retraction of the beam 

2 5 steering modules 542, 544 and 546 may affect optical path 

geometry to an extent that it is necessary to make minute 
adjustments to the angular orientation of the reflector 76 in 
order to address a desired location. 

[00145] Reference is now made to Figs. 3A - 3C which are 

3 0 simplified schematic illustrations of an AOD 300 suitable for 

use in the system of Fig. 1A in accordance with an embodiment of 
the invention. AOD 300 generally corresponds to AOD 30 in Fig. 
1A. AOD 300 includes a transducer element 320 and a translucent 
crystal member 340 formed of quartz or other suitable 
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crystalline material, such as fused silica. A control signal, 
such as RF signal 360, drives transducer element 320 to cause an 
acoustic wave, generally designated reference numeral 380, to 
propagate across crystal member 340. The control signal 360 is 
5 provided, for example, by an RF modulator 400 in operational 
communication with the DDS 42 and the system controller 44 as 
seen, for example, in Fig. 1A. 

[00146] It is a feature of AOD 3 00 that by changing one 

or more characteristics of acoustic wave 380 propagating through 

10 the crystal member 340 in response to a control signal, an input 
laser beam 22 0 can be dynamically split into n beams, where n > 
1, and the output direction of each resulting output beam 
segment 500 can be independently controlled as a function of the 
acoustic wave frequency. It is noted that in Figs. 3A - 3C, n 

15 corresponds to 5 beams. This number n of output beams is 
arbitrary and AOD 3 00 can be readily adapted to output a 
different number of beams as required by a given application. 
[00147] In accordance with an embodiment of the 

invention, a laser beam 220 impinges on crystal member 340 at a 

20 given preselected location 342. In an acous to- optical 

deflection device, the efficiency at which a beam is deflected 
by acoustic wave 380 in the deflector 300 is governed by the 
acoustic amplitude of the wave. Thus, as seen in Fig. 3A, when 
a suitably high power acoustic wave portion 3 82 is located at 

2 5 preselected location 342, substantially all of input beam 220 is 

deflected as an output beam segment 502. 

[00148] As seen in Fig. 3B, an acoustic wave is generated 

such that at the moment that beam 22 0 impinges on the crystal 
member 340 at preselected location 342, no acoustic wave is 

3 0 present at preselected location 342. This is accomplished by 

suitably timing control signal 360. As a result, beam 220 
passes through crystal member 340 substantially without being 
deflected. The pass-through beam 222 is reflected by a set of 
reflectors 224, 226 and 228 oriented to recirculate the pass- 
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through beam 222 to an array of beam splitters 23 0 operative to 
output a given number of beam segments, each of which is passed 
to the AOD 230 at other preselected locations 232. In 
accordance with an embodiment of the invention, pass through 
5 beam 222 is passed through optics 234, operative, for example, 
to reshape the pass through beam 222, for example to recollimate 
the beam, prior to being split and passed through the other 
preselected locations 232 in AOD 300. 

[00149] It is seen that the array of beam splitters 230 

10 includes a first reflective surface 235 having a plurality of 
partially reflective regions located adjacent a fully reflective 
surface 236. Pass through beam 222 enters the array of beam 
splitters 230 and impinges on a first partially reflective 
region 238 configured to pass 1/ {n-l)** 1 of output beam 222, 
15 wherein n is the total number of beams that can be output by AOD 
3 00 (for example, in the embodiment seen in Fig. 3B, n=5) . The 
remaining fraction of the output beam 222 is reflected to the 
fully reflective surface 236 and then re-reflected to a second 
partially reflective region 240 configured to pass l/(ji-2) th of 
2 0 the beam impinging thereon. The output beam is thus split in a 
cascade arrangement to form n-1 beam segments which are supplied 
to AOD 300 for deflection. 

[00150] In the embodiment of the invention seen in Fig. 

3B, n=5 . Beam splitter 23 0 is operative to supply four beam 

2 5 portions 246, each generally having the same profile and having 

a generally mutually equivalent power level, to crystal member 
340 at the other preselected locations 232. The first partially 
reflective region 23 8 thus passes 25% of output beam 222 and 
reflects 75% toward surface 236. The second partially 

3 0 reflective region 240 passes 33.33% of the remaining portion of 

output beam 222 and reflects 66.67% toward surface 23 6. A third 
partially reflective region 242 receives the remaining portion 
of the pass through beam 222, passes 50% and reflects 50% toward 
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surface 236. A final location 244 passes 100% of the remaining 
portion of output beam 222. 

[00151] Each of the beam portions 246 is supplied to 

crystal member 340 at a corresponding one of the other locations 
5 232. An acoustic wave 380, having frequencies appropriate to 
independently deflect each output beam segment 247 in a desired 
direction, is injected into the crystal member 340 in a timed 
manner to be present at each of the other locations 232 when the 
beam portions 246 impinge on crystal member 340. It is noted 
10 that recollimation of pass through beam 222 and partial 
splitting and reflection by beam splitter 23 0 are designed to 
result in each of beams 500 having a substantially uniform cross 
sectional configuration and energy density. 

[00152] The acoustic wave 380 is thus operative to output 

15 deflected beam portions 247, each portion being output at a 
selectable angle as a function of the frequency of the acoustic 
wave 380 at the moment in time that beam portions 246 interact 
with the acoustic waves 380, as described with reference to Fig. 
1A. It is noted that timing of the acoustic wave 380 is critical 
2 0 and needs to account for the length of the crystal member 340 
and the velocity of wave 380 in the crystal, so that an acoustic 
wave having frequencies appropriate to independently deflect 
each of beam portions 246 in desired selectable directions is 
present in the crystal at appropriate respective other locations 

2 5 232 for each pulse of beam 220. 

[00153] Referring now to Fig. 3C, it is seen that beam 

220 is split into five output beam segments 500. Beam 220 
interacts with a relatively low power acoustic wave (seen as 
having a low amplitude) at preselected region 342 which is 

3 0 operative to deflect 20% of beam 220 and pass 80% as a reduced 

power pass- through beam 223. The reduced power pass- through 
beam 223 is reflected by reflectors 224, 226 and 228 oriented to 
recirculate the reduced power pass -through beam 223 through the 
array of partial beam splitters 230 operative to output a given 
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number of beam segments, each of which is passed to the AOD 300 
at other preselected locations 232 . In accordance with an 
embodiment of the invention, reduced power pass through beam 223 
is passed through optics 234, operative, for example, to reshape 
5 the reduced power pass through beam 223, for example to 
recollimate the beam, prior to its being split and passed 
through to AOD 3 00. 

[00154] The array of partial beam splitters 230 includes 

a first reflective surface 235 having a plurality of partially 

10 reflective regions located adjacent a fully reflective surface 
236. Reduced power pass through beam 223 enters the array of 
partial beam splitters 23 0 and impinges on a first partially 
reflective region 238 configured to pass l/in-l)** 1 of reduced 
power pass through beam 223, wherein n is the total number of 

15 beams that can be output by AOD 300. The remaining fraction of 
the reduced power pass through beam 223 is reflected to the 
fully reflective surface 23 6 and then re-reflected to a second 
partially reflective region 240 configured to pass l/(n-2) th of 
the beam impinging thereon. The output beam is thus split in a 

2 0 cascade arrangement to form n-1 beam segments which are supplied 

to AOD 3 00 for deflection. 

[00155] In the embodiment of the invention seen in Fig. 

3C, n-5 and beam splitter 230 is operative to supply four beam 
portions 246, each having a generally equal power level, to 
25 crystal member 340 at the other preselected locations 232. The 
first partially reflective region 238 passes 25% of reduced 
power pass through beam 223 and reflects 75%. The second 
partially reflective region 240 passes 33.33% of the remaining 
portion of reduced power pass through beam 223 and reflects 

3 0 66.67% toward surface 236. A third partially reflective region 

242 receives the remaining portion of the reduced power pass 
through beam 223, passes 50% and reflects 50% toward surface 
236. A final location 244 passes 100% of the remaining portion 
of reduced power pass through beam 223. 
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[00156] It is noted that in accordance with a preferred 

embodiment of the invention all of the output beam segments 500 
generally have the same shape, profile, energy density and 
fluence among themselves. A fluence property of the output 
5 beams segments 500 can be changed by changing the number of 
output beam segments 500, and the number of output beam segments 
can be changed by changing the amplitude of a control signal, 
namely acoustic wave 380, at preselected location 342. As seen 
in Figs. 3B and 3C, each of the four or five beams have the same 

10 shape, profile and fluence. However, a fluence property of the 
output beams is changed if one, four or five beams are output. 
[00157] In accordance with an embodiment of the 

invention, AOD 300 typically is operated so that all of the 
beams among themselves are output to have generally a uniform 

15 fluence property. In a mode of operation outputting five beam 
segments 500, acoustic wave 380 is configured such that 20% of 
beam 223 is deflected at preselected location 342 and 80% is 
passed through as a reduced power pass-through beam 223. 
Optionally, however, the acoustic wave 380 may be configured to 

2 0 deflect a portion of beam 223 at preselected location 342 that 
is greater or lesser than 20%. 

[00158] For example, in some applications such as laser 

micromachining copper clad PCB substrates, beams having a 
greater fluence property are required to micromachine a copper 

2 5 cladding in comparison to an underlying glass epoxy substrate. 

Typically micromachining copper requires approximately 6x the 
power required to micromachine glass epoxy substrate. The 
different power requirements for micromachining copper and epoxy 
substrate are accommodated by generating one or more first beam 

3 0 segments, for example one beam, each having an energy property 

suitable for micromachining copper and using that beam to 
micromachine copper at plurality of locations. Subsequently, 
laser beam 22 0 is divided into a greater number of beam segments 
by AOD 300, for example four or five beam segments depending on 
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the energy requirements, each suitable for micromachining glass- 
epoxy substrate. The greater number of beam segments are then 
used to micromachine glass -epoxy substrate where the copper has 
been previously exposed. 

5 [00159] In accordance with an optional embodiment of the 

invention, it may be desirable to deflect at preselected 
location 342 substantially less than 20% of beam 223, for 
example only 4%, and then divide the remaining 96% among the 
other four beam segments output from AOD 300. This results in 

10 the beams having a non-uniform fluence among themselves. In 
this example, the 4% beam segment would be used to ablate glass- 
epoxy substrate which can be performed relatively expeditiously. 
The remaining 96% of beam 22 3 would then be divided into 
multiple beam segments, for example four beam segments, each 

15 having 24% of the remaining total energy. Assuming that laser 
beam 22 0 is of sufficiently high power, these resulting beam 
segments would be suitable, for example, for micromachining a 
copper cladding. 

[00160] it is appreciated that this mode of operation 

2 0 requires a laser source having a suitably high power output to 
simultaneously produce multiple beams each sufficiently 
energetic to micromachine copper. Moreover, it assumes that a 
micromachining operation on glass epoxy can proceed at a rate 
that is quick enough so that one beam is able to keep up with a 

2 5 greater number of beam segments simultaneously performing 

micromachining operations in copper cladding. 

[00161] Alternatively, it may be desirable to output 

beams having a non-uniform fluence or energy density property by 
deflecting at preselected location 342 substantially more than 

3 0 20% of beam 223, for example about 60%, The remaining 40% of 

the undeflected beam among the other four beam segments output 
from AOD 300 to generate beam segments having about 10% each of 
the initial energy. In this example, the 60% fraction of beam 
223 is applied to micromachine the copper cladding, and the 
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remaining 4 X 10% beam segments are used to ablate glass-epoxy 
substrate. It is noted that the power of a laser source 
producing beam 22 0 and the number of beam segments output by AOD 
3 00, and their respective relative energies, may be modified in 
5 order to optimize simultaneous micromachining of copper and 
substrate. 

[00162] Thus by changing the power characteristic of 

acoustic wave 380 at preselected region 342, the relative energy 
density or fluence of a first beam segment 500 can be modified 

10 and balanced relative to the fluence of other beam segments. By 
factoring in the relative power of a laser beam 220 and then 
modifying the number of beam segments output by AOD 230, and the 
respective energy distribution between the output beam segments, 
a micromachining system may be optimized to simultaneously 

15 micromachine copper cladding and substrate. 

[00163] Reference is now made to Fig. 4 which is a flow 

diagram 600 of a methodology for manufacturing electrical 
circuits in accordance with an embodiment of the invention. The 
methodology is described in the context of a process for forming 
2 0 micro vias in a multi layered printed circuit board substrate 
having a metal foil layer overlaying a dielectric substrate. 

[00164] The presently described methodology for 

manufacturing electrical circuits employs a multiple beam 
micromachining device that is operable to steer a multiplicity 

2 5 of independently focused and independently steered beams 

operative to deliver laser energy to independently selectable 
locations on a surface. 

[00165] In accordance with an embodiment of the 

invention, a dynamic deflector device, such as an AOD, is 

3 0 operable to selectably provide at least one metal machining 

beam-segment. In an embodiment of the invention, a beam 
splitting functionality is also provided by the dynamic 
deflector. The metal- machining beam-segment has an energy 
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density that is suitable to remove a portion of the metal foil 
layer, for example by ablation. 

[00166] Each metal machining beam segment is dynamically 

deflected to a laser beam module where it is independently 
5 focused and independently steered. Each laser beam module may 
include, for example, an independent focusing lens 74 passing 
the beam to a separate tiltable reflector element 56 as seen in 
Fig. 1A. The reflector element is suitably positioned so that 
the metal machining beam segment is steered to a selectable 

10 location on a PCB substrate whereat a portion of the metal foil 
is removed to expose the underlying dielectric substrate. 
[00167] While a metal machining beam is removing a 

portion of the metal foil at a first location, at least one 
other beam steering module which is not being presently used may 

15 be suitably repositioned to remove a portion of metal foil at 
other selectable locations in subsequent micromachining 
operations. A subsequent pulse will be deflected by the dynamic 
beam deflector to impinge on a pre- positioned beam steering 
module operative to direct a metal removing machining beam to a 

2 0 next location whereat a portion of the metal foil will be 
removed. 

[00168] Removal of portions of the metal foil continues 

at selectable locations until metal foil is removed at all of a 
desired plurality of locations, as necessitated by an electrical 

2 5 circuit design. These desired locations may include all of the 

locations to be micro -machined on the substrate, or a subset of 
all desired locations. 

[00169] In a subsequent operation, the dynamic deflector 

device is operated to output at least one dielectric machining 

3 0 beam-segment having an energy property, such as fluence, that is 

different from the metal machining beam-segment. A beam 
splitting functionality may be provided by injecting a suitable 
acoustic wave into an acous to -optical deflector, for example as 
described with respect to Figs. 3A - 3C. In accordance with an 
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embodiment of the invention, a dielectric machining beam segment 
has a lower fluence than a metal machining beam-segment. Fluence 
refers to the beam's energy per unit area ( joules /cm 2 ) . The 
energy property of the dielectric machining beam segment is 
5 suitable to remove a portion of the dielectric layer, for 
example by ablation, but is not suitable to remove a portion of 
the metal foil. This reduced energy level may be achieved, for 
example, by dividing a laser beam into a greater number of beam 
segments, for example as described with reference to Figs. 3 A - 
10 3C above. 

[00170] In accordance with an embodiment of the 

invention, the respective fluence characteristics of beam 
segments 50 (in Fig. 1A) are controlled by splitting a laser 
beam 22 into a suitable number of beam segments 50, and by 
15 maintaining the diameter of the resulting beam segments 50 
irrespective of the number of beam segments, for example using 
zoom optics such as zoom lens array 68. 

[00171] Each dielectric machining beam segment is passed 

to a laser module including focus compensation and beam steering 
2 0 functionalities. Independent focus compensation optics focus 
the beam at least as a function of a location to be addressed on 
a PCB substrate to be micro-machined, The beam is steered to 
that location by a beam steering module associated with the 
laser beam module. The beam steering module is suitably 

2 5 positioned so that each dielectric machining beam segment is 

steered to a selectable location whereat a portion of the metal 
foil has already been removed, to expose the underlying 
dielectric layer. A desired portion of the dielectric is then 
removed . 

3 0 [00172] While one or more dielectric machining beams are 

removing portions of the dielectric at a first set of locations, 
beam focusing modules and beam steering modules which are not 
being presently used may be suitably repositioned for removal of 
dielectric at other selectable locations during a subsequent 
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operation. Thus, a subsequent pulse may be deflected by the 
dynamic beam deflector to impinge on an already positioned beam 
focusing module and corresponding beam steering device. Because 
a reduced energy density is required to remove dielectric, beam 
5 22 may be divided into a greater number of dielectric machining 
beam segments, compared to metal machining beam segments, thus 
resulting in a greater system throughput for removing dielectric 
as compared to removing metal foil. Optionally, by adjusting 
the amplitude of the control signal in an AOD as described with 

10 reference to Figs 3 A - 3C, the AOD may simultaneously output one 
or more low fluence beams along with one or more high density 
beams, aid use the respective high fluence beam or beams to 
micromachine copper and the low fluence beam or beams to 
simultaneously micromachine a substrate material. 

15 [00173] Removal of dielectric continues at selectable 

locations until the dielectric is removed for substantially all 
of the locations at which metal foil was previously removed. 
Once this operation is completed, a substrate can be 
repositioned for micro-machining at a next subsequent portion 

2 0 thereof. 

[00174] It is appreciated by persons skilled in the art 

that the present invention is not limited by what has been 
particularly shown and described hereinabove. Rather the present 
invention includes modifications and variations thereof which 
2 5 would occur to a person of skill in the art upon reading the 
foregoing description and which are not in the prior art. 
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